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Abstract: Micro Electromechanical System$1EMS) basedmicrofluidic deviceshave
gained popularity in biomedicine field overthe last few years.In this paper, a
comprehensiveverview of microfluidic devices such as micropumps and microneedles
has been presented for biadiEal applications. The aim of this paper is to present the
major features and issues related tonicropumps and microneedle®.g, working
principles, actuation methods, fabrication techniques, construction, perf@@man
parametersfailure analysis, tesig, safety issuesapplications, commercializatioissues

and futureprogects Based on the actuation mechanisms, the micropumps are classified
into two main typesi.e,, mechanical and nemechanical micropumps. Microneedles can
be categorized accordirig their structure, fabrication process, material, overall shape, tip
shape, sizearray densityand application. The presented literature review on micropumps
and microneedles will provide comprehensive information for researchers working on
design and deslopment of microfluidic devices for biomedical applications.
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1. Introduction

Microfluidics is a relatively new branch of science and technology which has made extensive
progressin the last few yearsMicrofluidic systems dealvith the fluid flow in diminutive amounis
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typically a few mi ¢ r o | L) tnraengiatyrizedsystem The mainfunctions performed by these
systems are sample preparatiparification, separation, reactiotvansportimmobilization, labeling,
biosensingand detectionFluid behavior atnacroscale is quite different frormicro and nano scale
Factors such as surface tension may become dominant in microfluidic devices. When the size of
biological samples is ake to the flow channels or needles through which the samples are transported
then the sample flow may not be envisaged on the basis of conventional fluidic sgxesiderable
research has been madeaé@centyears in the field of micftuidic componets, devices, systemasnd
fabrication methodsThe use of micro and nano electromechanical systems (MEMS and NEMS)
technology has been increasing rapittiyfabricate microfluidic devices fdsiomedicalapplications

Due to MEMSand NEMStechnology, the faiication of miniature size arfiigh performance medical
devices has become practicable to congregate the critical medical requirements like controlled delivery
with negligible side effects, improved bioavailability and therapeutic effectivgie®fs In recent
years, the most important advancemeft MEMS and NEMS in biomedicine is microfluidic
transdermal drug deliver(TDD) systems [3]. TDD systems deal with the movement of
pharmaceutical compound through the skin to reach the systemic circulation beeqsant
distribution in the human bodj]. TDD system consists afhicropumps, microneedleseservoir,
micro-flow sensor, blood pressure sensand aequired electronic circufor necessaryoperations
Among them, micropumps and microneedles are thet mm@ggortant components of microfluidic
system particularly for drug delivery applications. Micropumps are used for delivery and treatment
purposes. Microneedles can be used as stbme devices and part of complicated microfluidic
system in which microrezlles are integrated with other devices in the sysfBne schematic
illustrationof transdermadirug delivery system is shown in Figure 1.

Figure 1. Schematic illustration dfansdermal drug deliveryfDD) system
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In recentyears a few TDD productshave beenreportedand approvedby the US FDA.IONSYS
(Fentanyl ionophoreti¢)a product by Alza Corprationwas approved in 2006 forapent controlled
pain management. Emsamproduct by BristeiMyers Squibb (Princeton, NWUSA) wasapproved in
2006 for major depressive disorder. Fentanyl generic by WaBwrmaceuticalsvas approved in
2007 as ananalgesic.Neuprq by Schwarz Pharma (Mequon, WUSA) was approved in 2007 for
Pa r k i ndiseaseEgelon by Novartis (East HannovemNJ, USA) was approvedn 2007 for
dementia[5]. Similarly various researehns have presented microfluidic devices flifferent medical
applications Particularly micropumps and microneedles/e beerextensively studied in this decade
for biomedicineBut there is stilla needto present the latest updates on the development of micropumps
and microneedles for biomedicibecause these devices are stilthe research level and have limited
availability for commercial use. Some earlier reviews on various applications of MEMBein
biomedical field have been reporisdch as théherapeutic microsystem, surgical microsystem and drug
therapy. These reviews provide basic informatiowvarious devices such as microneedles, micropumps,
micro-reservoirsetc [6i 9]. Various reseatters have reported reviews on design and development of
micropumps only 10i 14]. Laser and Santiagd0] presented a comprehensive review on micropumps.
But the reviewdid not coversome actuation methodse.g., ion conductive polymer film (ICPF),
developnent of evaporation micropump and advance applications of micropumps in biomedicine.
Woias [11] presented a concise overview of different types of micropumps and their applications.
However the electrowetting micropump, evaporation micropump and ICPFr@veeen described in
the review. Tsai and SuéZ| reported introductory overview on the importance of micropumps for
medical applicationsbut significant detad about the applications of various kinds of micropumps for
drug delivery hae not been presged. Nisaret al [13] presented a comprehensive and good review on
various types of micropumps and their applicationbiomedical applications. Some key features of
micropumps like actuation techniques, performance parameters, working principlesuretruc
fabrication and applications have been repotbatithis reviewhas notcoveedlatest developmesin
micropumys for biomedical applications. The review does not provideogate information about
bio-MEMS devices as there is an exponential iaseein design and developmémthe bio-medicine
field. Amiroucheet al [14] presented a review on current developmantsicropumps. The focus of
this review was on mechanical micropumps and their applicatiotieeibiomedical field. However
this revew has notcovered nonrmechanical type of micropumps. Graysstnal [15] reported a brief
review on various integrated MEMS devicggch asbiosensors, stents, immunoisolation devices,
reservoirs, microneedlegtc This reviewhas notdescribedall paraneters of MEMS devices like
design, development, actuation methods, fabrication technigieceKarmanet al [16] reported a very
basic and introductory review on drug delivery devices like micropumps, microneedles, microvalves,
microactuators, microresayirs, etc This review has not coveredmportant parametersuch as
actuation techniques, working principles, performance constraessgn fabrication and applications
of MEMS devicesBacoijian et al [17] presented information on the development apglications of
MEMS based microneedles. This revidws not covereddome important aspects of design and
development, forces experienced by microneedlessting, structural/fluidic analyses,etc
Khannaet al [18] reported a review on the particularsdgn requirements of microneedles for diabetic
therapy. This review has not covered the key parameters like development, fabrication, failure
analysis.etc Sachdeva and Bangaq reported good comphensive reviewon microneedleslesign,
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development, saty and regulatory issue, therapeutic applications and limitations of micronémdles
commercializationHowever thisreview has not described the fabrication techniques of microneedles,
failure of microneedles due to various applied forces, structadilflaidic analyss and integration
issues of microneedles with micropumps. All reviews thatehbeen discussed above prestmat
information about micropumps or microneedles only. Here the authors have presented a review on
micropumps and microneedlesathcovers most recent advancement of MEMS technology in
biomedicine. This ighe first comprehensive and updated review that covers latest information of
microfluidic devices regarding the design, developmadaitiation methods, performance parameters,
working principles, structure, fabrication techniques, material used for fabrica#daty issue,
challenges, limitations of commercialization aagplications.This comprehensive review will be
helpful for researchers who would like to work in the fastgng field of bioMEMS and bieNEMS.

2. Micropump s

Pioneering work on micropumsgstarted inthe 1970s and developmestbased on miofabrication
technology was initiateth the 1980s.The MEMS based micropumpas developedn 1990s.The
micropump is the ma component of drug delivery system tlpaovides the actuation mechanism to
deliver specific volumes of therapeutic agents/drirgm the reservoir. The requirements for drug
delivery include a minimum flow rate in order of 1Q ger mirute or more, smalsize and high
reliability [13]. Normally a micropump consists ahe following componentsdiaphragm membrane,
chamber, actuator, microchannels, microvalves, inlet, oetietMicropumps can be categorizedan
two classesOne type has mechanical maing part ands known asa mechanical micropumphe
otherhasno moving partandis known asa non-mechanical micropump.

2.1.Design Specificatiosand Parametersf Micropumps

Design of micropumpsglays an importantole for practical applicatiomof devices. To developa
suitable design aficropumys for real time applicatios it is very important to understandrms like
actuator, valves, chamber reservoiy nozzle diffuser mechanisamdpumping parametegzoperly.

2.1.1.Actuator

The atuator isthenecessarand drivingpart ofa micropump that converts energy into motionsit
used toprovideforce for fluid flow in micropumps The atuatortakesenergyfrom electricity, heat,
liquid pressureair pressurend convert# into some kind of mabn. In most micropumgreported in
literature the actuation disk is attached with membravi@ch is used to push the fluid. Sortygpes of
time diaphragnmarefabricated in such a way that it produces energy itgel€h pushes the fluidin
peristalticmicropumps more than one actuasiabricatedsequentially

2.1.2 Valves

In micropumps, valves are used to control the fldldw by opening, closing and partially hindering
pasagewaysln microfluidic systemsactive and passive valsdiavebeen reportedn passive valves
there is no actuation mechanism. The control of fluid flow is dependethieqmessue difference in
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liquid chamber andhe fluid flow is normally in one déction.In active valves, eive elementare
present for opening and closing tleae operated by an exterredtuation sourceMostly, separate
components have been reported for &ctnicrovalves for regulating th8uid flow in microfluidic

systems.It is very easy to control the active valves Ibey are more complicateith integrated
microfluidic system

2.1.3 Chambelor Reservoir

Chamberdesignis very critical in microfluidic systems and it caignificantly influencethe
volume stroke, pressuharacteristicand nozzlediffuser loss coefficientdViost of the micropumps
reportedin literaturehave a single chambepnfiguration But in order to improve the performance
two or threechambemicropumpshavealsobeenreported Micropumps in whichpumping chamber
are arrange sequentially or fabricateoh such a way that the multiple chambers are in series or in
parallel arrangemesitareknown as peristaltimicropumps.

2.1.4 Nozzle/DOffuser Element

Nozzle/diffuse element is mostly used in valess micropumps asflow rectifier. A schematic
illustration ofthe nozzle/diffuser action in micropurais shown inFigure2. Nozzle/diffuse element
worksin such a way that during supply mode more fluid enters in the chamber thapught than
fluid thatexiting the outlet. While in pump mode the reveestionoccurs.Stemme and Stemm&a(]
were the first taeportvalveless miniature micropuran which they use nozzle/diffuserelement
as flow rectifyingelement.

Figure 2. Schematic of nozzlefifluser element
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2.1.5 Pumping Parameters

Various design parameteere important tooptimize the performancef micropumps such as
maximum flow rate (Qay), pump power (Rmp, maximum back pressure ) and pump efficiency
(e8). Qmaxis highest at zerbmax andQmaxis zero when highest value af . For incompressible floy

the ump head (h¢an be calculatefiilom the steady flow energy equatifii].
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The pump efficiencys in the form of power can be expressed as:
0

- @

V)

Idealy, losses are zero abdthquanities 0 and0 are identicalEfficiency is governed
by frictional losses, fluid leakage losses and losses due to imperfect pump construction. The total
efficiency can be expressed ag]|
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Where — is mechanical efficiency; is volumetric efficiency and is hydraulic efficiency.
2.2 Mechanical Micropumps

The mechanical micropunghavemoving pars so requirea physical actuator fothe pumping
process. The most common mecltahimicropumps are displacement type micropumps that ineolve
pumping chamber which is closed with a flexible diaphragm. The fluid flow is achieved by the
oscillation ofa diaphragm. Due to these oscillatiptise pressureYP) is created. This pressure &
function of stroke volumeYw inside the chamber produced by the actuator. The actuator has to run
itself with the dead volumew in chamber. Compression ratio is the important parameter for
mechanical diaphragm type micropumps. The compresations defined by the equatiqd):

Yy
T 4)
The performance of mechanical micropump is normally limiteddsechanical components. The
piezoelectric,electrostatic, thermomamatic, electromagnetic, bimetallicion conductive polymer
films (ICPF), phase changand shape memory allg$MA) are examples of mechanical micropumps
A detaikddescription of mechanical micropusig given below.

2.21.PiezoelectricMlicropumps

The conversion of mechanical energy to electronic signal (voltaghyice versas known aghe
piezoelectric effect. The materialghich exhibit piezoelectric effect normally have no center of
symmetryin their structure A stress applied to such materials vailter the separation between the
positive and negative ahges that leads to the net polarization at the surface. An electrical field with
voltage potential is created in those materials due to the polarization. This property can be used to formr
the actuator, micropump, inkjet printer heatt. The effectivenes of energy andiceversacanbe
expressedy factorv :
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Piezoelectric actuator shows large actuation and fast responsebtitmihe fabrication of such
materials is complicated on a single mhPiezoelectric micropumps exhibit small stroke volume at
high voltagesA schematic o piezoelectric miapump is showim Figure 3.

Figure 3. Piezoelectric micropump.
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The first piezoelectric micropum was fabricated using micromachining technolodyy
Van Lintel et al [22]. The micropumpconsisted ofa pumping chambermassive silicon(S) check
valve, and athin glass membrane actuated by piezo disk e maxi mum f |l ow r at e
back pressuref 9.8 kPa were observed at applied 125 V wiitidz frequency Esashiet al [23]
reportedat hr ee | ayers piezoelectric pump @ib64HKraatf | ow
applied 90 Vwith 30 Hz frequency Olsson et al. [24] reported a two chamber piezoelectric
micropump to improvehe performance. Kocét al [25] presented piezoelectric micropump based on
screen printing of PZTLead Zirconate Titanate)n Si membrane. The flow rate of 120L / mi n an
back pressure 2 kPa were observed atieg@00 V with 200 HZrequency Schabmuelleet al. [26]
fabricated piezoelectric micropump with pa® valves. The flow rate of510 0 € L/ mi n an
pressureof 1 kPa were achieveasingethanol.Ferg and Kim [27] reported piezoelectric micropump
that consisted of one way parylene vadf0ozkka Th
were observed at applied 80 V with lower power consummfddmW. Geipelet al [28] reported a
novel designof micropump with back flow pressure independent flow rate. The back pressure
independency was reporteg to 20 kPa at low frequencyrenkle et al [29] reported a piezostack
actuated peristaltimicropump. The flow rate of 40L/min was obtained at thfeequency of 28.6Hz
using water. The flow rates were observed to be independent of backpressure up to 7 kPa, with &
maximum backpressurd 45 kPa at 140 VJohariet al [30] reported the fabrication off@ezoelectric
micropump for drug delivery systemmsing two optical masks. Fluidic characteristics analysis was
performed using CoveorWare simulatorWang et al. [31] studied the effect of longitudinal flow
asymmetry on pumpingapability by usinga simple pumping system comprised of a pieztteic
buzzer imbedded in ahannel Ali et al [32] studied the dynamic piegtectric micropumpprocess.
The quantitative measurement of the pressure generated, applied electrical field, frequency and lengtl
of the actuator were observed Liu et al [33] proposeda disposable high performance piezoelectric
micropump with four chambers in serial connection for closed loop insulin therapy system. Outflow
resolution of 6.23 10 ° mL/pulse was observe@he maximum backpressure of 22 kPa weported
at applied voltage of 36,, and 200Hz frequency
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2.2.2. ElectrostatiaVlicropumps

Electrostatianicropumps involve electrostatic forces for actuation mechanism. Electrostati&force
is defined as fAthe electrical f or cfield @b Thelke r a ct
charges repel each other and unlike charges attract each others. The electrostatic force applied on tt
electrostatic plates cde expressed bh¢ equation (B
Where "Ois dectrostatic attraction forgev is energy stored- is delectric constanto is aea of
electrodesiis dectrode spacingndwis applied voltage

Electrostatic actuation is widely e in microfluidic devices. The fabrication of such mechasism
on electronic chip is very easy, but electrostatic actuasronly asmall stroketypically 10e m. The
main advantages of electrostatic micropump are low power consumption and fast tiomseddpe
schematic ofnelectrostatic micropump is shown by Figure 4.

Figure 4. Electrostatic micropump.
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The first electrostatic micropump wéabricatedby Judyet al [34] using surface micromachining
technology. It consisted of active check valveansber andactive outlet valve. Pumping results were
not reported. The first experimental resulbf electrostatic micropump wereeported by
Zengerleetal [35. The fl ow rate of 7 0of23kPamen obaerved atappliekl p |
170 V with frequency 25 HzCabuzet al [36] presented dual diaphragm electrostatic micropump
using injection molding techniqu@licropump was capable of bidirectiongperaton but only used
for gases. The f Wwas observedtacapptied 168 ¥ widetqueneyofrB0 Hz and
power of 8 mW. Machaufet al [37] presented membrane based electrostatically actuated micropump
across the working fluid. The concept wasdaaen high and low electric permittivity of working fluid.
This pump was limited only for conducting fluid. The flow rafel € L/ mi n was achi ¢
Astle et al [38] proposed a pumping mechanism using electrostatic actuation for gas chromatograph
applications. The flow ratef 3 mL/min and backpressure of 7 kPa weteserve at frequency of
14 kHz Leeet al [39] fabricated and tested a peristaltic electrostatic gas micropump that employed
fluidic resonancéor high flow rate and mulitage pestaltic configurationThe micropump presented
the pressure ranges from 7.33@ kPa and flow rates from 0.29 to 0.07 sccm at the duration time
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ranges from 0.05 and 0.35 cycles for opening of valvies[40] reportedthe fipull in phenomenain
electrosatic micropump using reduced order modélmembrane Various parameters like radius,
thickness, initial gapyresidual stress on pulh voltage ad pull in psition were investigated

Lil et al [41] presented the modeling of micropump membrane withtrelgatic actuator. MATLAB
platform was used for modeling. The resonant frequency of 635 Hz for silicon electrostatic actuating
membrane was calculated. Using FEM, 680 tdgfiency was reported

2.2.3. Thermopneuamtidicropumps

In thermopreumatic micropurps, the actuator is based on thermal expansion. The chamber is full
of air and thermopaumatic micropump is expanded and compressed periodically by the heater and
cooler. The periodic change in volume of chamber provides the membpitiing regular momenta
that resuls in fluid outflow. The pressure increageexpressed by the equatior).(7

“ oo YO
Yo 019y (1)

Where, YU is pressure chang¥;Yis temperature chande,is thermal expansioﬁ/,— is a percentage of

volume change.

The thermpneumdc type of micropumpgenerateselatively strongpressure and displacement of
membane.However, the driving power has to be constamtigintained above a certain level. The
schematic diagram of thermagmmatic micropump is shown by tiégure5.

Figure 5. Thermopnematic micropump.

Inlet Outlet

| 1

— | | [
Pumping chamber
Adr chamhber

Heater Bimetalic membrane

The first therm@neumatic micropump based on microfaitation was proposed by
Van De Poletal [42. The f |l ow r at e abderved at applied voltage 6iVanih
temperature around 36 CJeong and Yang4pB] reported a thermommmatic micropump with
corrugated diaphragm. The flow rate of 14 ¢L
frequercy of 4 Hz A thermopreumatic micropump consisig of a thin film heater flow strictor and
two reservoirshas been proposed by Cooney and Tpdg. The maximum flow rate of 1& L/ mi n
for 4.5 h was observed W an average power of 200 mVWim et al [45 proposed a
thermopreumatic micropump with a glass layer, indium tin oxide heater, polydimethylsiloxane
(PDMS) chamber, PDMS membrane and PDMS cavity
at applied voltage 055 V with frequency of 6 HzJeong ad Konishi 6] fabricated a peristaltic
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micropump consigtg of three casaded thermopsumatic actuatorsand microfluidic channel
connecting two fluidic inlet/outlet ports. The flow rate of 78L.9min was achieved for the denized

(DI) water at zero hzkpressure.Chia et al. [47] proposed a novel thermopneumatic peristaltic
micropump comprised of two separate zones for air heating and fluid squeezing. The temperature
elevation of 2.0 K was reported on the fluid pumping aflem et al. [48] fabricateda peristaltic
micropump by bonding a PDMS part with microchannels to the PDMS/PMMA
(polymethylmethacrylatepart where PDMS/adhesive membramneorked like a pneumatic actuator.

The maximunflowrateof 961 €L/ min was achieved.

2.2.4. Electromagnetidlicropumps

Electromagneis a kind of magnet that Isased orthe combinatiorof electric and magnetic fietd
When the current passes through the coiteke magnetic field is produced. The strength of
eledromagnet can be easilyaried by changing the electric current flowing through the coils. The
force experienced by the point charge due to the electromagnetic field is kndwealasentz force.
The Lorentz force cabe expressdby equation (8)

"0 00 o (8)
Where "Ois forceandd is magnetidield.

Electromagnetic actuatiors large andcovers alonger distance as compdréo electrostatic
actuation. It needs low voltage bam external source is required for actuatguch as germanent
magné. On small scalethis type of actuation has no benefit becaiise reduced by the cube of
scding factor. The driving coils or permanent magnets baliréctly with the membrane and provide
magnetic field. However, at the same timethe size is comprmised. Usually electromagnetic
micropumps have high power consumption and heat dissip#i@hematic ofan electromagnetic
micropump is showm Figure6.

Figure 6. Electromagnetic micropump.
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The first el ectromagnet gFeofmilcnm oepluencpt rwoiptltsit7e de |
membrane was proposed by Zhengand pt8h. The maxi mum f |l ow rate of
at applied voltage of 3 V with 5 Hz frequency &880 mA inducedurrent A plastic micropump with
electromagnetic agation has been reported by Boletal [50] that consisted of two folded valves
with a thin membrane in center, inlet/outlet at bottom and pump membrane at top. The maximum flow
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ratesof 4AM 00 ¢ Lo/rmiani rf and 2100 e€L/min for water we
0.5 W. A four layer electromagnetic micropump was designed and its static/dynamic properties were
investigated by Gongt al [51]. The membrane deflection by different magnetic dgviorces was
analyzed by ANSYS FEMIhe maximum flow ratef 7 0 ¢ L / mi envedvabfrequenty f 125 Hz
Yamahataet al [52] reporteda PMMA micropump vith electromagnetic actuatiomhe maximum
flow rate of 400 €L/ min eabserveda redonamdreensies ofrlz2Hzo f
and 200 Hz Su et al [53] reported the analysis and fabrication of a valvelelestromagnetic
micropump with two parallel flexible diaphragms. The maximum flow rate Gfe L /asd the
displacementof 0.30 mm wee observedat 100 Hz frequencywith 0.3 A induced -current

Balaji et al [54] reported the design, fabrication and testing of a flat pump with millimeter thickness.
The maxi mum fl ow rate of 15 €L/ min wasrequehcg er Vv ¢
and 19 mA currentYu-fenget al [55] reported a parallel dynamic micropump with valve, diaphragm
and electromagneticcol. he maxi mum fl ow rate of 6 ¢eL/s and
wereobserved at 100 Hz frequency wittB® of curent Shenet al [56] fabricated and characterized a
reciprocatingPMMA ball valve micropumpwith electromagnetic &gation. The micropump showed a
backpressure of 35 kPa and flow ratéahL/min at 2 W electromagnetic actuation pow&hv20 Hz
resonanfrequency Halhouli et al. [57] worked on the design & novel elettomagnetic pump that
basedon the rotation otwo hard magnetkeptin channelwith opposing polarityThe maximum flow

rate of 13.7 mL/min at 200 rpm and a pressure ofF@at 136pmwere observed

2.2.5. Bimetallic Micropumps

Bimetal refers toan object that is composed of two different metals gdribgether. The thermal
expansion coefficients of these metals are different. The deflection of a diaphragm made of bimetallic
materialsis induced against thermal alternation as long as the two chosen materials possess adequatel
discrimirative thermal expansion factofsblock diagram of bimetallic mropump is showim Figure?.

Figure 7. Bimetallic micropump.
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Heater Bimetalic actuator

Zhanetal. [58 reporedSibased bi metallic micropump @&j)th 1
onSisubstrate The f |l ow r at backopfesswesof ¥ IkPanmvera observell at applied
voltage of5.5 V with 0.5 Hz frequencyZou et al [59] designed a micropump that optgd on both
bimetallic thermal actuation and thermal pneumatic actuation mecharW§imen the bimetic
actuator made oAl/Si membrane was heated, the membrane deformed in downward directibe. At
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same time, the gas the air chamber expended due ttee heat to support bimetallic actuatiohhe
flow rate of 336 ¢ L henopem pressusee wasdOlb ikiBanoyel micvdpienp  t
operated on bimetallic and electrostatic actuation mechanisms was reported bgt RAnf50].
Experimental resultshowed that the omwff flow ratio of the micopumpwas 180. Yang et al [61]
presented a bimetallic thermally actuated membrane micropumpgdhaistedof two chips, pump
chamber, two bimetallic actuators and two check valves. The maximum flow rat8 of € Lwasni n
achievedat appliedvoltage of 16V and 0.9 Hzfrequency The forces generated through bimetallic
actuation are large and the implementation is sinpteially the thermal expansion coefficients of
materials that argvolvedin bimetallic micropumps are small. Thatwhy the diminutivedeflections

are achieved in bimetallic actuation mechanidrhe bimetallic micropumps require low voltage
values as compared to other micropump types. But the drawback of bimetallic micsapuinagh they

are not suitable to work at high frequencies.

2.2.6. lon Conductive Polymer FilfiCPF) Micropumps

ICPF actuator shows high speed response. How#weipositioning control is difficult. The core
| ayer of | CPF is made of a sort of perfluorosu
diaphragm between two thin films that go&acedon both sides of the polymer. These two films have
high electrical conductivity. One end dfe diaphragm is fixed and the ICPF diaphragm can be
controlledby bendng in the direction of either upside or downsids long as an appropriate pair of
voltages is applied at the electrodd$ie ICPF actuator iscommonly called an artificial muscle
because othelarge bending displacement, low actuation voltage and biocompatiBilgghematic of
ICPF andthe bendingprinciple is shownn Figure8.

Figure 8. ICPFmicropump.
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ICPFactuators have been developedvarious applications. Guet d. [62] reported a new model
of micro cathetewith active guide wire that hawo bending degrees ofeiedom using ICPF actwat
Tadokoroet al [63] developed multdegreeof-freedom (DOF) micro motion devices ngilCPF soft
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gel actuatorGuoand Asakd64] proposed an underwatfish like microrobot usingCPF actuator as

the servo actuator swimming motion wittvee degreesf freedom Nguyenet al [65] reported the
design and fabrication of a flap valve ionic polymer/metal composite micropump with the diaphragm
supported by a flexible material. A maxi mum f
were observed at the applied voltage &f @ith 3 Hz frequencyChenet al [66] proposed the design

of an integrated sensory actuator. The polyvinylidene fluoride (PVDF) films were used for
simultaneous feedback of bending and éooutputs of the actuatdFangand Tan[67] proposed a
control orientd model to envisage théeformation ofdiaphragm and the flow rate. Experimental
results of the polypyrrole (PPy) actuated micropump showed that the maximum flow rate of
1260 €L/ mi n atthavwltagebfshe r v e d

2.27. Phase Changdicropumps

The basic principle used in phase change type actuatorsianopumpsis the vaporization ad
condensation phenomenon. Vaporization the phase transitionccus from liquid phase tovapor
phase. While in condensatiotihe change of the physical state occurs from gaseous phéqaid
phase. The phase change type micropump consisthezter, diaphragrand working fluid chamber.
A schematic of phase change micropump isnghim Figure9.

Figure 9. Phase lbange micropump.

Inlet Chatlet

Membrane Heater Working chamber

Simet al [68] proposeda phase change type micropump consgbf a pair ofAl flap valves and a
phasechange type actuator. The actuator comprisied heater, working fluid chamber and silicone
rubber diaphragm. The diaphragm was actuated by the vaporization and the condensation of the
working fluid in the chamber othepump The maxi mum f |Lémn wasaacheeved dt 6 .
applied voltage of 10 V witl0.5 Hz frequency and60% duty ratiofor zero pressure difference
Bodenet al [69] reported a high pressure micropump with polymeric paraffin actuation. The flow rate
of 74 eL/min was achieved at a low voltage waveform with water as a pumping nén the
pressures up tbtMPa were applied on ¢hvalves, thenicropump showed no leakadggim et al. [70]
repated the fabrication and testing of a micropump comprised of a pair of Al flap valves and a phase
change type actuator. The actuator was composed of a heater, diaphragm and fluid chamber. Th
maximum flow rate of 9 Imin was observed at applied voltage of 8 V with 70% duty ratio and 2 Hz
frequencyfor zeropressure difference
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2.2.8. Shape Memory AlloySMA) Micropumps

SMA are the metals which exhibit two very unique properties supeslo elasticitand theshape
memory(SM) effect They have the capability of changing their shapes upon application of an external
stimulus. TheSM effect involves a phase transformation between two solid phases. At high temperature
the phase is called austenite and at low temperature the phase is called martensite. SMA starts i
martensite phase and transforms into austenite phase after being Tbatgmoperty of materials is
useful to make SMA micropump&.schematiof anSMA micropump is showim Figurel0.

Figure 10. SMA micropump.
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Pumping chamber
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The first thin film SMA micropump with two different actuation configurations was reported by
Benardet al. [71]. The pump was driven by an electrical drive signal provided directly through the
TitaniumNickel (Ti/Ni) thin films, resulting in Joule heating induced phase transformation that
initiated theSM effect. The maximum flow rate of 59 L/ mi n wa sat0.6 bisfeequeneyd
Makino et al [72] reported the development BMA actuated micropump to use in micro analysis and
micro dosage systemB.he maxi mum f |l ow rate of 0.4 €L/ cycle
Xu et al [73] developed a micro SMA pump composed of a NiTi/Si composite membrane, pump
chamberand tvo inlet/outlet check valves. THeow rate of3 4 0 /ma land back presse of 100 kPa
were achievedShuxiang and Fukud§74] developed SMA micropump composed of SMAil
actuator, two diffusers, pump chamber and a casing. The maximum flow ratei@ 80 € L/ mi n
achieved by changing the frezncy.Zhang and Qiy75] reported a TNi/Copper (Cu)hape memory
thin film micropump comprised of a TiNiCu/Si driving merahe, pump chamber and two inlet and
outl et check valves. TG was bbsesvedSetianar[76] repartedttie aeT
performanceassessment of SMA spring asuatorfor gripping manipulation The SMA actuator was
a TiNi tensile spring with idmeter of 50 mm wire and 350 gram hanging m&48A have many
attractive properties like high force to volume ratio, ability to recover large transformation stress and
strain upon heating and cooling processes, high damping capacity, chemical resistdnce a
biocompatibility. Usually the deformation of SMA cannot be precisely controlled and investigated due
to temperaturesensitivity. Additionally, the designs based on TiNi film devices with more practical,
effective and complex characteristiege requird through multipleDOF and compact structuse
Recently reported mechanical micropunapslistedin Table 1
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Reference

Liu et al
2010[33]

Zhu et al
2009[77]

Kang and
Auner
2011 [78]
Halhouli
et al
2010[57]

Shenet al
2009[79]

Leeet al
2009[39]

Teymoori
and Sani
2005[80]

Actuation
M ethod

Piezoelectric

Piezoelectric

Piezoelectric

Electromagne

tic

Electromagne

tic

Electrostatic

Electrostatic

Material s used
for fabrication

PolycarbonateRC),
PMMA, PDMS, PZT,
(Titanium) Ti

Polyeheretherketone/
PDMS/Metal/Ceramics

SilEpoxy H31/
PZT-5A

PC, Plexiglass

PDMS, Glass

Si

Si, Glass

Table 1.Recently reported athanical micropumps

Size

15x 8 mm

Not
reported

14.5x 9 x
1.1mm

16x 18
mm

24 x 40 x
0.4 mm

Not
reported

7Tx4x1
mm

Pumping
Chamber

4

Pumping
Medium

Insulin

Air/Water

Not
reported

Water

Water

Gas

Not
reported

Voltage
Valve
V)
2 36
2 100
2 240
Not
report Not
P reported
ed
2 0.7
Not
19
reported
185

Frequency

200Hz

225Hz for
air,
17 Hz for
water

20-100 Hz

Not
reported

12 Hz

2.2i2.8
KHz

50 Hz

Back
Pressure/
Applied
Pressure

22 kPa

Not reported

0-10 psi

785 Pa

70 mbar

7.3/3.3 kPa

Not reported

Flow
Rate

(eL/n

6.23x
10°
mL/min
39
mL/min
for air,
1.8
mL/min
for water

0.52
mL/min

13.7
mL/min

2.4
mL/min

0.29
0.07
SCCM

9.1
€ lImin

3662

Applications

Insulin therapy
system

Drug delivery
applications

Microfluidic
applications

Biomedical
applications

Portable
LOC
applications

Not reported

Drug delivery
applications
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Table 1.Cont.
. . . . Back Pressure/
Actuation Materials used , Pumping| Pumping Voltage : Flow Rate L
Reference . Size . Valve Frequency Applied | Applications
Method for Fabrication Chamber| Medium V) (eL/ mi
Pressure
Chiaetal | Thermopru 16x 18 Not Biomedical
) PDMS, Glass 3 Not reported 9 1.2 Hz 490 Pa 200le L/ m o
2010[47] matic x5 mm reported applications
Tanetal | Thermopru Not Compressed Not ) Microfluidic
) PDMS, PMMA 3 i 3 10 Hz 138 kPa 9 6 /mirL )
2010[48] matic reported air reported devics
Zou et al ) ) ) 13x 7 x Not
Bimetallic Al, Si, Glass 2 Gas/Water 2 15 0.5 kPa 5. 6 ¢ | Notreported
1997[59 2mm reported
PDMS,
Fang and Polypyrrole, 25x 25 i )
g ) Py Biomedical
Tan 2010 ICPF Stainless steel,| x10 1 Water 4 4 0.5 Hz 1.3 kPa 1260e L / m devices
[67] Polyvinylidene mm
fluoride
. Al, Silicon,
Simetal. . Not
Phase Chang! Silicone rubber, 1 Water 2 8 2Hz 0 mm HO 97 ¢ L/ Notreported
2008[70] reported
Glass
Zhang - .
) Ti, Nickel (Ni), | 8x8x Not
and Qiu SMA 1 DI water 2 80 Hz Not reported 235 ¢ L| Notreported
Copper Cu) 1.8 mm reported

2006[75]
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2.3. Non-Mechanical Micropumps

The nomamechanicalmicropumpshave no moving mechanical part so that generally they need
type of mechanism that can convert aorechanical energy into kinetic montem. In generalnon
mechanical pumps do not need physical actuation components so the gedesagry and fabrication
of these micropumps are relatively simple and easy. These micropumps have certain lipstations
as the use of only low conductivifiuids and the actuation mechansmterfere with the pumping
liquids. A detailed description of nemechanical micropungis given below.

2.3.1. ElectroosmotidEO) Micropumps

EO flow is the motion otheliquid thatis induced by an applied potentialrass a capillary tube or
microchannels. The fluid with electric conductivity feature is driven by appropriately exerting an
external electrical field upon the channel walls that are naturally chakgeshematic diagram adn
electroosmotic miopump is Bownin Figurell.

Figure 11. EO micropump.
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]
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Zenget al [81]] fabricated arEO micropump that used DI water as working fluid. The maximum
flow rate of pr8ssuéeof 2026.5nkPaweresobtainedat applied voltage of 2 kV.
Takemoriet al [82] reported alEOmMi cr opump wi th high pressure.
pressire of 72 kPa were observed at applied 3 KJ.and Chad83] investigated th&O flow in EO
micropump withan overlapped electrical double layer (EDL). The results showed that the flow was
relatively different from the channel withdimension greater timathe EDL, which demonstrated plug
like flow properties.Goodet al [84] performed the mathematical modeling and experimental testing
of wateractivated micropump that was actuated usheosmotic effect. The maximum flow rate of
17 ¢ L/ wofidry pdywyger particleswith a3554 25 & m dwvasaacheeved. Ryet al [85
proposecda biodegradable osmotic micropump for long use and controlled discharge of basic fibroblast
growth factor (bFGF). The release of bFGF was regulatedate of 40 ng/daydr durationof four
weeks.Yairi and Richtel{86] developed afO micropump based on voltage control. dflow rate of
0.054 mL/mimand pressure of 5.5 kRaere achieved Borowskyet al [87] fabricated a high pressure
EO micropump and tested the performea of fluid dynamic. The maximum flow rate of 86/min
and pressure of 25 atm were achiewd@dnget al [88] reported the general characteristics, fabrication
technologies and application§ EO micropumpsThe transport of variousolutionscompositions into

T



Int. J. Mol. Sci2011, 12 366¢

capillaries can cause problsim the flow constancy of an EO pumped system in some applications.
Sometimes flow rategre modifieddue to adsorption of compounds from the samples or sample matrix
on the surfaces of the pumping elements. This problem can be $gh@paratinghe pump fluid

from the sample and reagent solutions in the analysigstem.

2.3.2. Electrowetting(EW) Micropumps

EW is a microfluidicpohenomenon that is currently used as a driving mechanisfiuiftic devices.
EW involves modifying the natural surface tension or capilfmrces intrinsic to an oil and water
interface at small length scales. At less than l1dmstance, thelectrical and surface tension forces are
much stronger than gravity. The digitaV is applied to control the surface tension between solid
phase eletrodeand liquid phase dropleA schematic oan EW micropump is showin Figurel12.

Figure 12. EW micropump.

Inlet Electrode Outlet
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Yun et al [89] repotted a continuous EVihicropump. For the actuation energy of micropump, the
surface tension induced motion of mercury dino@ microchannel filled with electrolyte was used.
The micropump consisted of a stack of three w
pressure of 0.8 kPa werachieved a.3 V with frequency of 25 Hz and power consumption of
17 0 Howino et al [90] reported the pictiter liquid actuation in a microinjector by usingpalled
glass tubeas the device structure. The tubausedpumpng and ejedbn by EW on dielectrics.
500 picoliter water wapumpedup at the maximunappliedvoltage & 1400V. In pumping pressure,
an increasevalueof 0.6 Pa was calculate@olgate and Matosumo{®@1] reported a detailed model of
a test device showintiquid flow in a small channel for the study &W. EW gives direct fluid
pumping without any moving ethanical parts that can be valualiemany application area®f
microelectronic devices. Thaitial resultsshowed thaEW might be used to get pressures on the order
of 0.01 MPa i n a Chdhgecam9Z% reporied the daving charaxistics of the
EW-on-dielectric devicewith aluminum oxide(Al,O3) deposited bysing the method ofatomic layer
deposition.When thevoltagewas appliedoetweencontrol electrodeandreference electrodihen the
flow of 2 L gor water droplet iranair ervironment wasachieved

2.3.3. ElectrochemicaMicropumps

The most common feature of electrochemical micropumps is the generation of bubbles by
electrolysis in which the decomposition of water occurs into its constifusmth as hydrogen gas
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(H2) and oygen gas (O2whenthe current is passed through watBuring this mechanisnthe key
component is a bubble reservoir filled wahredox electrolyte solution. The reaction of electrolysis
can be described by the equati¢@sand(10).

At Anode

«(/ ot TA I C 9)
At Cathode

¢( / A O/ ( C (10)

A schematiof electrochental micropump is showm Figure 13.

Figure 13. Electrochemical micropump.

Outlet

Ruhhle Membrane

Suzuki and Yoneyami@®3,94] fabricated an electrochemical syringe puby usingmicromachining
for low operating voltage and power consumpti@rmicrofluidic system was developed by integrgtin
anon-chip micropump and check valves that worked througt: Bubble genetad electrochemically.
Thin film electrodes were usetth a platinum black working electrodeDMS substrate was used to
make flow channels and containers for electrolyte solutions. Two dye solutions were transported and
merged in a flow channel and sheath flows were obselashimi et al [95] developed a artificial
synapse usinghe electrochemical micropum@he micropumpconsisted ofa glass nozzlend o
blackened platinum electrodélied with a neurotransmitter solutiofor the electrolysigprocess.To
drive the solutiortowards the neuron, a potdial differenceof 3.0 V was applied to the electrodes.
Kim et al [96] reporteda PPymembrane microfluidipump. The pumping actiomas stimulatedy an
electrochemical actuatd?PyPDMS membraneThecheck valvesvere used t@ontrol the directiorof
flow. The maximum flowrate f 52 ¢ L/ mi n 16 & with ioputtpewierrofeSnWa t

2.3.4. EvaporatiorMicropumps

In evaporation micropumps controlled evaporation of liquid is used. Evaporation is a process in
which liquid is converted frm its liquid form to vapor form. fie reversef this processs known as
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condensation. The pumping priple of the evaporation typeicropump isthe same ashe xylem
transport system in plant&.schematic o&nevaporatiormicropump is showm Figure14.

Figure 14. Evaporation micropump.
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Effenhauseret al [97] reportedthe evaporatiorbased disposable micropump for continuous
monitoring systems. The controlled evaporation of liquid was done through a membrane into gas space
that containec sorption agentn the gas chamber, thapor pressure was kelpiver thansaturation
During this processthe fluid evaporation fronrmembrane wasubstitutedby capillary forcesthat
resdted in a flow from the reservoir.T h e average flow rate of 0.
Namasivayanet al [98] reported the micropump based on the generally observed phenomenon of
transpiration in plant leaves for continuous very low flow rates. As the vapor diffused out due to
heating, a new transport of liquid was supplied into the adaftom a reservoir for steady state
operation.Guan et al [99] reported a ncropump based on capillagvaporation effects foa
microfluidic flow injection chemiluminescence
achieved withan ambient tempetureof 20i 21 °C and relative humidityof 30r 32% for fluctuation
within 2 h.Heucket al [10(0 reported the evaporatidmsed micropump integrated into a scanning
force microscope proler the flow of liquid through its hollow cantilever and tip argadlow rate of
11 pL/s was obtained at room temperature.

2.35. BubbleMicropumps

The bubblesmicropumpis based on periodic expansion and collapse in the volume controlled by
voltage input. The volume change in chamber is incorporated with the difesdgmmechanism that
is used to determine the direction of fluidic flow. The bubbles arergéed by heating process.
schematic othe bubblemicropump is shownn Figure15.
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Figure 15. Bubble micropump.
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Tsai and Lin[101,107 reporteda valvelesshermatbubble micropump. Later they developed a
microfluidic mixer system with a gas bubble filter using the bubble micropumpmBxénum flow
r at e Lonin was achieved at 250 Hz with applied periodic voltage, 10% duty cycle and power
consumption of 1 WLew et al [103 developeda collapsingoubblemicropump.The bubbles with a
radius of abouti® mm wereinvestigatedhroughthe experimentadet up that employed a low voltage
electrical spark of 55 V created with a capacitor for bubble generdtiamas reported thathe
proposed theoryould alsowork with even smaller bubblesJung and Kwak104 reported the
fabrication ad testing of bubble type micropumps usieagembedded microheater. The micropump
comprised of a pair of nozzle/diffusdlow controller, microbannels and a pumping chamb€&he
maximum flow rats of 6 eL/min at duty ratio of 60%or circular chambeand8 ¢ L/ mi n at d
of 40% for the square chambevere achieved.Chengand Liu[105 reported an electrolysisubble
micropump based on the roughnegadient design in the microchannel. The elecsislyctuation and
the surface tension effect were used for the micropump. The maximum flow rate of /bdid was
obtained at applied voltage of 15 V witrequency of 4.5 HzChanet al [106] developed a bubble
type micropump with high frequency flowversal using embedded electrodes in a closed microfluidic
microchannel The micropump consisted of a microfluidic chamber and microelectrodes on a glass
substrateéhat was assembldry PDMS-sheet. The maximum flow raté 37.8¢L/min was achieveat
voltage of 5V.

2.3.6. MagnetohydrodynamiMHD) Micropumps

MHD is a field in which the dynamics of electrically conducting fluglstudied The Lorentz force
is the driving source perpendicularttee electric and magnetic fiekdor MHD type of micropumps.
The working fluidis selectedo achieveconductivity of 1 s/m or higher, in addition to externally
providing electric and magnetic fields. The Lorentz farae be express by the equationfl1l).

O 000w 6 (11)

Where, Ois force,Qis electric field tis instantaneous velocity of particlésjs magnetic field and
is electric charge of the patrticle.
A schematiof the MHD micropump is showim Figure 16.
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Figure 16. MHD micropump.
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Jang and Le¢107) reportedthe MHD micropump. The pressure head differemfel8 mm at
38mA andaf | ow rate of 63 €L/ mi n amaitsideldiar@etenoh Bnnwferr e a
inlet/outlet tube ané magnetic flux density of 0.44 Zhonget al [108 reported the fabrication of
MHD micropump using ceramic tapes. Experiments were performed using mercury slugs, saline
solutions andDI water. Eijkel et al [109 developed a circular adViHD micropump for
chromatographic applications. The device cosgmtiof a glasgold-laminateglass sandwich structure
with the channel defined in the electroformed gold layer. Reversible flawt e o f 40 ¢
achieved Patel and Kassegng1(Q reporteda MHD micropump with EO-thermal effects using
3D-MHD equations.The use of adeveloped numerical framework, flow channel geometries, Joule
heating, effects of nedoniform magnetic/electric &élds and EO in MHD micropumps were
investigated. Duwairi and Abdullgii11] developed a model to envisage the fluid flow in the MHD
micropump. By applying the finite difference method and the SIMPLE algorithtine transient,
incompressible, laminaand flov equationsvere numerically solvedKang and Cho[117 reported
the design and fabrication dHD micropump witha mixing function in which the fluids were mixed
and pumped at the same time by coupling between Lorentz force and the moving force cifrian ele
charge in the electric field.

2.3.7.Flexural Planer Wavé~PW)Micropumps

The FPW micropumps are driven ultrasoaity. The fluidic motion inducetby travelingFPW can
be used for the transport of liquids. The liquid motion is in the directioragewpropagation and the
speed is proportionaio the square of acoustic amplitude. Low operating voltage is requdoed
acoustic streamingh schematic othe FPWmicropump is showim Figurel17.

I
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Figure 17. FPWmicropump.
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Moroneyet al [113 reportal the process olaterpumping induced by 4.7 MHz ultrasie Lamb
waves. The waves were moving in a composite membrane of silicon nitride and piezoelectric zinc
oxide withat hi ¢ k n e sTheobskrved pers d wa sat tle @@plied moltage of 8V with
6.5 nm wave amplitudeNguyenand White[114] reported the design anmtumerical modebf an
ultrasonicFPW micropumpand microfluidic systemThe effects otthannel height, wave amplitude,
and backpressure on the velocity and flow vag¢ee studiedThe influence of thermal transport of the
acoustic streaming/asalso investigatedResults showed that the micropumps with channel heights of
a few micrometers exhibited higiuality performance because the flow rate and hydraulic impedance
against backmssure were higiNguyenet al [115] reported a FPW micropump integrated with flow
sensor forin situ measurementThe FPW micropump and the flow sensor made a complex
microfluidic systemcapable of controlling the fluid flow in the devicMenget al [116] reported the
ultrasonic FPW micropump. The waves travelled along a thin membrane to stimulate an acoustic field
in the fluid that was in contact with the membrane. The micropump with a combination of radial
transducers and unidirectional fluid flowstdted in a flow speed of 1.15 mmfanget al [117]
investigated the actuagrfrequency control of acoustgtreaminglow patternsn a diaphragm driven
microfluidic chamber. Microfluidic circulatory flow waachievedusing the resonant vibration of
diaphragms. Experiments were performed to studplame velocity profiles near the interface of
circulations where the acoustic intensity was measured to be larggrdpesed flow processas
reported to be useful fopumping, active mixing and particldocusing applications Singh and
Bhethanabotl§118§ studied the enhancentan the efficiency of acoustistreamingMicrofluidic and
biosensing applications of surfaeeousticwave devices depenoh the acoustistreaming process
resulting from high irgnsity sound waves that interact with the fluid medium.

2.3.8. Electrohydrodynami¢EHD) Micropumps

In an EHD micropump the force is geerated by the interaction of electric field andbile charges
in the fluid. These pumps have emitter and collectocteddes that areegularly spaced along a
microchannel and require no moving pastgch asmpellers, bellows or valves. The electrical charges
generated from the electrodes mobilize according to the direction of the electric fietdoiliditup by
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theelectrodes and traat the surrounding liquid molecules to move together by the ion ohgdaorce.
The force acting on thituid is given by the equation (12)

0 — (12)

Where,&is force on fluid) is currentAis distance between electrodess ion mobility coefficient of
the dielectric fluid A schematic oanEHD micropump isshownin Figure 18.

Figure 18. EHD micropump.
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Ritcherand Sandmaier[119 fabricated the firstic charged injection EHD micropump comprised of
two electrically isolated grids. The fl ow rate
achieved at applied voltage of 890 Fuhret al [120 developed the fat EHD micropump based on
travelling waveinduced electroconvection. The flow mteof 0.055 e L/ mi achiewed.r e
Darabiet al. [121,122 reported the EHD polarization micropump for electronic cooéing EHD ion
drag pump The model devicesxhibited amaximum cooling capacity of 65 W/émvith pumping
head of 250 Paranget al [123 reportedan ejection type EHD micropunysing indiumtin-oxide
(ITO) planar electrodet deal with the aging problem. The planar electrodes could drive the ethyl
alcoholwith a flow rate of 356eL/min at applied dc voltage of 6. Lin and Jang124] reported the
numerical microcooling analysis f&HD micropump The micropump offered the pumping power
using the dipole moment force generated from polarizing fluid molecules. The pressure head of
13 kPa and wall heat flux of 10 W/émwere observed at applied voltage of 500 V wittclpiof
500e m f or p ar abDarabi bnd RHoddd 25 repaited she computational fluid model of ion
drag EHD micropump. The micropump consisted of an arragtefdigitated electrodes with the top
and bottom parts of the channd@inghal and Garimelld126§ reported induction based EHD
micropump for high heat flux cooling process. The numerical model was developed by solving the three
dimensional transient fldiflow and charge transport problem due to simultaneous actuation of EHD and
the vibrating diaphragniRecentlyreportechon-mechanical micropungarelistedin Table 2.
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Reference

Chanet al
2014104

Jung and
Kwak
2007[104
Wakui
etal.
2009 [L27]

Singhal and
Garimella
2007[12q
Lister et al.
2010[129
Xu et al
2010[129
Kang and
Choi 2010

[112

Material used

Actuation
for
M ethod L
Fabrication
PDMS, Glass,
Bubble type Si

Bubble type| Si, Pyrex glass

Polymer,
EHD
Carbon, Glass
EHD Al
EO Glass, Platinum
EO Glass, PDMS
Au (gold),
MHD (gold)
PDMS

Table 2 Recently reportedon-mechanical micropumps.

Size

Not
reported

Not
reported

Not
reported

1500x%
200x 50
em
Not
reported
Not
reported

Not
reported

Pumping
Chamber

Not
reported

Not
reported

2

Not
reported

Pumping
Medium

DI water,
Phosphate

buffered
solution

DI water

Fluorinert

Water

Borate

buffer, DI water

Water

PBS solution

Valve

Not
reported

Not
reported

Not
reported

Not
reported

Not
reported

1

Not
reported

Voltage
V)

30

500

3.3

2.9

Not
reported

3.6

Frequency

300 Hz

0.52.0Hz

Not
reported

373 kHz

Not
reported
Not
reported

Not
reported

Back
Pressuréd
Applied
Pressure

Not reported

Not reported

23 Pa

Not reported

1.6 kPa

Not reported

Not reported

367<
Flow
Rate Applications
(elL/n
Miniature
37.8 .
electronic
eL/ m .
devices
618 Microfluidic
e L/ m| applications
400 Microfluidic
eL/min devices
10.5 Microchannel
e L/ m| cooling system
13 Drug deliver
eL/ m g y
0.33 Perfusion
eL/ m cell culture
2.83 LOC
e L/ m  applications
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Reference

Lim and Choi
2009 [L3q
Yun et al
2002[89]
Kim et al
2008[96]

Heuck et al.
2008104

Guanetal
2006[99]

Luginbuhl
1997[1371]

Actuation Material used e
Method for Fabrication
Si, Pyrex glass, 40 x25 x
MHD
Al 1 mm
Glass, Si, Not
EW .
Platinum reported
. Ppy,PDMS, 5.6x 16 x
Electrochemical
PMMA 26 mm
. . Not
Evaporation Si
reported
. Pdms, PMMA, | 25x 15x
Evaporation .
Stainless steel 3 mm
Si, Platinum, Not
FPW .
Ceramic reported

Pumping
Chamber

Not
reported

2

1

Not
reported

Not
reported

Not
reported

Table 2.Cont
Pumpin
,pg Valve
Medium
PBS Not
solution | reported
Mercury 2
Water 2
Not
DI water
reported
Not
Water reported
Not
Water
reported

Voltage
V)

Not
reported

2.3

+1.5

Not
reported

Not
reported

6

Frequency
Not
reported
25 Hz

Not
reported
Not
reported

Not
reported

2i 3 MHz

Back Pressure/
Applied Pressure

100000N/mM

800 Pa

11 mbar

Not reported

23.5 kPa

Not reported

367<
Flow
Rate Applications
(eL/r
0.3 Drug delivery
eL/ m
70 Biomedical
eL/ m Devices
52 Microfluidic
e L/ m| applications
Biological
11 pL/s :
sampling
3.02 Microfluidics
eL/ m system
0.255 Fluid delivery
eL/ m system
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3. Microneedles

Microneedles are very useful delivery devices. These devices provide an interface betwleag the
reservoir and the pati en tedlwsd Thedahgth of noicroneediahauld s i n g
be long enough that it penetrates the epidermis and short enough not to reach theinlenmtesto
avoid pain. The concept of microneedles was proposed in the 1970s but it wasealated
experimentally untithe 1990s when the industry of microelectronics provided the microfabrication
tools essential to make such small structufdé® first microneedle arrays reported in the literature
were developed by etching tise wafer for intracellular delivery132. These needles were inserted
into cells and nematodes to increase molecular uptake and gene transkdttiothat a number of
attemptshave beermade by various researchers to develop the fabrication processes and different
desigrs of microneedlesMEMS technologyis the most promising to fabricate the optimal design of
microneedles for particular applications The typical diameter and length of MEMSased
microneedles are in the range of micrometers. Themeoneedls are different from standard
hypodermc needles used iniomedicine Generally the length of the MEM®ased microneedles is
less than 1 mmTrhus microneedles are significantly smaller in length than ordinary ndddl&s).
Microneedles or microneedle arssgan be used asstandalonemicrofluidic device as well apart of
biological detection, fluid extraction or delivery system. Microneedles can be integrated with
micropumps, biosensors, microelectronic devices and microfluidic chips.

3.1. Categoriesof Microneedles

Different designsof microneedleshave been reported in literatufer various applications.
Microneedls can be classified in various ways such as according to structure, ehaadtip shape,
length, array density,material used for fabricatioand applicationd3,4]. Details of microneedle
categoriegreshown in Table 3

Table 3. Caegoriesof microneedles

Structure Overall Tip Shape Material Used Application
Shape
Solid Cylindrical | Volcano Single cystalsilicon | Drug celivery
Hollow Canonical Snake fang Polysilicon Gene e@livery
In-plane Pyramid Cylindrical Silicon doxide Blood extraction
Out-of-plane | Candle Canonical Silicon ntride Fluid sampling
Spike Microhypodermis, PGA Vaccination
Spear Tapered PDMS Micro-dialysis
Square PMMA Cancer therapy
Pentagonal Glass Dentistry
Hexagonal GaAs Skin treatment
Octagonal Titanium Cell aurgery
Rocket Ti- dloy Allergies diagnosis
Star Tungsten Animal identification
Tungsteralloy Ink-jet printing

Stainless teel Sensing electrodes
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3.1.1.Structure of Microneedles

Structue isthe most important consideratidar microneedles design and fabricati@ased on the
fabrication process, ghmicroneedles are classified in two types.

1 In-planemicroneedles
1 Out-of-planemicroneedles

In in-plane microneedles, the microneeslf@ft or lumens arparallel to the substrate surfadde
major advantage of iplane microneedles is th#te length of the microneedtecan be easily and
accurately controlled during fabrication process. The limitation -gflane microneedles is that it is
very difficult to fabricate microeedle arrayswith 2D geometry. In oubf-plane microneedles, the
lengths of the microneedles protrudsut of the substrate surface and it is easier to fabricate
out-of-plane microneedles itD or 2Darrays. However, falration of outof-plane microneedles with
length and high aspect ratio structure is challenf@t34. A schematic illustration of iplane and
out-of-plane nicroneedlsis shown in Figurd.9.

Figure 19. (a) In-plane microneedlegb) Outof-plane microeedles

In-plane microneediewere developed inthe 1980s[134] and not intended for drug delivery or
fluid transport. An implantable techannel microelectrode recording array with anchip signal
processing probe was fabricated for long term recgrdinneural biepotentials. The length of probe
and thicknessvere4.7 mmandl 5 rmegpectivelyA 1D array of micro neural prob¢$35 and more
sophisticated 2D array have been develod&8. After that various attempts have been made to
develop inplane microneedles for different applications. The major drawback associdtad-pline
microneedls is the limiteddensity.To overcome this limitatiogrout-of-plane microneedles have been
developedOne of the earliest owdf-plane microneedle array consisted of 100 microneedles with a
length of 1.5 mnwasreportedn 1991[132.

Microneedles can also lmategorized as solid or holloaccording tahe structure Hollow needles
were invented in 1844137 and gainedncreasing importance ithe biomedical field. There are no
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other effective ways to transport the fluid intee human body[138. Hollow needles have become
more important after the invention of microneedldsllow microneedles have an internal bore or
lumen which allows flow of fluiddrug through the microneedle&.combination of surface and bulk
micromachining teamqueswasused to fabricate hollow iplane microneedlewith 1-6 mm length

and fully enclosed channets silicon nitride[139. The channel s whaeselid9 ¢
microneedles have solid lumerend exhibit more strength than hollow microneedI8slid
microneedles can be further categorized immated and dissolving microneedles. In coated
microneedles, the&lrug particles are coated on lumen surface and injected into patient Dby
microneedles are withdrawn from the body after dissolution of the coated drug. In dissolving
microneedles, the base is mdissolving and withdrawn from the skin after dissolution of the
microneedlesVarious types of solid coated and dissolving microneedles have been refddited [
CoatedTi microneedlesarrayswith al en gt h o lave b&ef reponted for the delivery of
parathyroid hormone @l 34) in human body for the treatment of osteoporosigdsano Pharma, Inc.
(formerly Macroflux®, ALZA Corp.)[140]. The successful delivery of drug depends on the methods
used br coating of microneedlesl41,147. References 143144 fabricated he first outof-plane

sharp solid microneedles for drug and geekvdry. A schematic of hollow and solid microneedles is
shownin Figure20.

Figure 20. (a) Hollow microneedle(b) Solid microneedle.

Hollow silicon dioxide(SiO,) microneedles have been fabricated using deep reactive ion etching
technique 145. Reference 146 fabricatedSiO, microneedleswvhich mimic a jaggednos qui t 0o 6
needle. Irplane hollow metallic hypodermic mmmeedles and microneedle array were reported using
electroplated palladiungPd) alloys andNi [147 149. Using a combination of isotropic and an
isotropic etching processsharp tip hollow oubf-plane single crystalSi microneedles were
fabricated 150. One of the earliest solid microneeslidesign was in the form of pyramid&i
microprobes[15]]. Sharp Si solid microstructures witha h e i g h't of 150 em wer
anisotropic dry etching technique usings&hd Q. Suchtype of solid microneedles wassed to
increasepermeability of human skiop to fourth order ofmagnitudein vitro. Solid microneedles for
TDD werereportedior the first timein 1998[144].
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3.1.2.Shape of Microneedles

The d$ape ofthe microneedle isvery critical and importantduring design and fabrication.
Microneedlescan beclassified on thebasisof overall shape and tip shapBifferent designsof
microneelles have beeproposed and fabricatedich as cylindrical, canonical, pyramid, candle, spike,
spear, square,emtagonal hexagonal octagonal and rockehape[3,4]. Microneedls havealsobeen
reportedwith various tip shapes like volcano, snake fandindyical, canonical, micrénypodermis
and taperedSchematic illustratios of various designsf microneedlesvith respect to shape anddip
areshownin Figure21.

Figure 21. Shapesof microneedles(a) Cylindrical; (b) Tapered tip (c) Canonical
(d) Squarebase (e) Pentagonabase canonical tj{f) Sideopen single lumeng) Double
lumen (h) Sideopen double lumen.

Rocket shape microneedldavebeen fabricated using two photon polymerization metidd)].
Octagonal solid oubf-plane Si microneedle array has been fabricatied drug delivery[153. Solid
Si-tip microneedles havkbeen fabricatedisingwet etching technologj154. Pyramidal ouof-plane
Si microneedle array has been fabricated by wet etching for transcutaneous drug {EhiSergide
opened sharp tip owtf-plane solid microneedle has been fabricated by hot embossing to improve skin
permeability for hydrophilic moleculegl56. Cylindrical hollow outof-plane microneedls with
tapered tip using combination of ICP etchirayebeen fabricated fof DD [4].
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3.13. Materiak Used for Microneedles

Microneedls can beclassified on théasisof materialsMaterial selection isery importantto design
and fabricatamnicroneedls for any particular applicationMany researchers us&il for microneedls
fabrication [4,1571 167, which is a brittle materia[163 and can be harmful to health. Different
researchers have understood this critical issue and used polymeric nrattraad Most polymershave
a stronghistory of biocompatibity. They exhibit excellent mechanical and chemical propeijti€z]
that are suéble for microneedle fabricatioRabrication of ritroneedlefiasbeenreportedusingvarious
polymerssuch as(Polyglycolic acid)PGA, (Poly-L-Lactide acid) PLLA,PC, PDMS, MMMA, etc
Fabrication of polymeric microneedles Hzeen reported by varioussearchrs[165166. Some other
materias havealso been reporteduch asglass, metal, alloyetc [4]. Glass hollow elliptical tip
microneedles have been fabricated using opigrette pulling technique fontrascleral delivery167].
In-plane Ti microneedles have been fabricated using bulk micromachining for drug ddlivésly
Tungsten microneedles have begporged for erve penetratiofil69.

3.1.4.MicroneedlesApplications

On thebasisof applicatiors, microneedlesan be categorizeito various types becausifferent
types of nicroneedls are suitable fospecific applications.The suitable length of microneedles for
drug delivery i tfa Blodd extractidn dhe &pPrépriate kength of microneedles is
1100 em t[d701»I@ énicreneedles are suitable for cell surgéficroneedles have been
reported for dug delivery, blood extraction, fluid samplingancer therapy, microdialysis, Hpt
printing and sensing electrodedollow Ti microneedles haveeen fabricated for blood extraction
using sputtering and deposition meth¢#ig1]. SiO, hollow square micnoeedles have been reported
for flow delivery systems using electrochemical etching technidi@low outof-plane SiO,
microneedles have been fabricated using lithographgdibisurgery(162]. Stainlesssteel hollow and
solid microneedles have been rdpdr using surface micromachining and etching techniques for
dermal diphtheria and influenza vaccinatijdiYZ. Hollow outof-plane Si microneedles have been
fabricated forTDD [4]. The extensivedetail of materials used for micronee@eadesigns, structure
array size, fabrication techniques, analysis and apmitdias been presented in TableTéble 5
and Table 6.
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Reference

Waseenet al.
2010[4]

Chenet al.
2010[173

Zhanget al

2010[174

Waseenet al
2010[3]

Zhanget al
2009[175

Ding et al
2009[172

Haget al
2009[155

Yu et al. 2009
(174

Material

Silicon

Silicon

Silicon

Silicon

Silicon

Silicon

Silicon

Silicon

Structure of
microneedles

Hollow/Out-of
plane

Hollow/ Outof
plane

Solid/ Outof

plane

Hollow/Out-of
plane

Hollow/Out-of
plane

Solid/Hollow

Hollow/Out-of-
plane

Hollow/ Outof
plane

Shapes of
microneedles

Cylindrical

Cylindrical
base

Starshape

Cylindrical
base
tapered tip
Cylindrical/

Side opened at

tip

Tangentially
cut tip

Pyramidal

Cylindrical

Table 4. Recent eview of silicon microneedles.

Dimensions

L =200 pm
D; = 60 un
Do = 150 pn
L = 100m
D =80 pm

L = 200 pm

L =200 pm
D; =40um
D, =425 pm
L =200 pm
D; = 40 pm
D;= 450 nm

L, =300 pm to

900 pm
L,= 300 pm
D,= 200 pym
L3 =245 um
L, =180 pm
L,= 280 ym
Dp= 180 pm
Dp =200 pm

D =100 um

Array
sizd Analysis type
Needles
StructuralCFD
5x5 . .
(StaticlTransient)
30x 30 Fluidic analysis
PLGA nanoParticles
10x 10 o
distribution
Structural/Fluidic
6x6 . .
(Static/Transient)
10x 11 Fluidic analysis
4x4 Fluidic analysis /
9x9 Statistical
6x6 Fluidic analysis
Not .
Structuralanalysis
reported

Testing

Not reported

Pig Skin

Human skin

Not reported

Potato skin/
Chickenskin

Mouse skin

Human skin

Onelead ECG
recording system

Fabrication
techniques

ICP etching
Deep reactive ion
etching DRIE)
RIE/Thin
film deposition

Photolithography

ICP etching

Bi-mask technique

Surface
micromachining/
Etching

Wet etching

DRIE

367¢

Application

Transdermal drug delivery

Transdermal drug delivery

Transdermal drug delivery

Transdermal drug delivery

Drug deliveryfluid
sampling

Dermal
diphtheriainfluenza
vaccination

Transcutaneoudrug
delivery

ECG measurement
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Reference

Coulmanet
al. 2009
[154
Chenet al
2008[177
Roxhedet
al. 2008
[179
Bhandariet
al. 2008
[179]
Donnellyet
al. 2008
(180

Leeet al
2008[187]

Sci2011 12

Structure of Shapes of
Material
microneedles microneedles
Pyramidal
Silicon Solid shapePointed/Frustum
tip
Silicon | Outof plane Macro porous tip
. Outof-
Silicon )
plane/ Cross/Circler
Hollow
. Hollow/Out- .
Silicon Square base canonic:
of-plane
Sharp 3D
Silicon | Not reported Tip/Grooves
embedded shaft
. Solid/ Out ) )
Silicon Conical/Pyramidal
of plane

Dimensions

L = 280 pm,
Dy= 200 pm

Not reported

L, = 310 pm,
L,= 400 m

Not reported

L =270 pm,
Dyp= 240 pm
L, =800 pm,
Dy =200 pm,
D= 20 pm,
L, = 600 pm,
W, =300 pum

Table 4.Cont
Array
size/ Analysis type
Needles
16 e )
Diffusion of nano particles
needles
Not o .
Fluidic analysis
reported
25 . .
Fluidic analysis
needles
10x 10 Not reported
Not o . L
Fluidic analysitStatistical
reported
3x3 Structural analysis

Testing

Humanepidermal
membrane

Pig skin

Human skin

Not repated

Mouse
skin/Porcine skin
of piglets

Not reported

368(
Fabrication
) Application
techniques
. Transdermalhtradermal
Wet etching )
drug delivery
Transdermal drug
DRIE .
delivery
Transdermal drug
DRIE .
delivery
Laser

micromachining/
Dicing/Etching

Blood sampling

Wet etching Photodynamic therapy

Micromolding Drug delivery

Notations: L = Length of needley, = Base width, = Outer diameter, 3= Inner diameter, P= Base diameter, > Tip diameter, P= Depth
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Reference

Parket al
2010[187

Gomaeet al

2010[183

Donnellyet al

2010[184]

Bodhaleet al

2010[133

Matteucciet
al. 2009[185

Hanet al
2009[186]

Jinet al. 2009
[187
Ohet al 2008

[156]

Emamet al.

2008 [18§

Sci2011 12

Materials

PLA

PMVE/MA

Polymeic

(Gantrez)

PGA

PMMA

PLLA

PMMA/PC

PC

SuU-8

Structure of

microneedles

Solid/Out-of-

plane

Solid/ Outof-

plane
Solid/ Outof-

plane

Hollow/Out-of

plane

Hollow/Out-of

plane

Solid/ Outof

plane

Solid/In-plane

Solid/ Outof

plane

Outof-plane/

Hollow

Shapes of

microneedles

Canonical/Square bas

Canonical

Canonical

Side opened/Sharp tif

Rounded tip/Sharp tip

Sharp 3D Tip/
Groovesembedded
shaft
Quadrangular/

Pyramidal

Sharp tip/ Spear

Sharp tip

Dimensions

L = 600 pm
W, = 250 pm
L, =400 ym
L,= 600 ym
Ls= 100 ym

Not reported

L = 200 pm
Di = 30 ym
D, =150 pm
Dy = 300 pm
L =500 to 1100 pm
Bevel angle 80°
to 40
L = 880+ 20 pm,
W, = 710+ 15 pm
T =145+ 15 ym

L =200 1500 mm

L =200'500 pm

L =500 m,
W, =100 pm

Array size/

Needles

10x 10

11x11
14x 14
19x 19

Not

reported

25% 25

10 arrays

Not

reported

Not

reported

Not

reported

Not

reported

Analysis type

Diffusion oftrypan

blue

Effect of Skin
Permeability with

microneedle density

Statistical

Structural/ Fluidic

Not reported

Protein
transportation

analysis

Drug transportation

Hydrophilic
molecules

transportation

Fluid analysis

Table 5. Recent eview of polymeric microneedles

Testing

Human/Porcine

cadaver skin

Human skin

Porcine skin

Not reported

Not reported

Mouse

skin/Serum

Mouse skinand

serum

Mouse skin

Not reported

Fabrication techniques

UV lithography

Laser micromachining

Molding process

Hot embossing/UV excimer

laser(Proposed)

DXRL

Lithography/Ni electroplating/ PDMS

replication/Ha embossing

DXRL/Hot embossing

Molding/Hot embossing

Deposition/Lithography/Etching

3681

Application

Transdermatirug

delivery

Drug delivery

Intradermal delivery

Drug delivery

Not reported

Intradermal

immunization

Transdermatirug
delivery
To improve skin
permeability for
hydrophilic molecules
Treatment of

hydrocephalus
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Reference

Aoyagiet al
2007166

Hsuet al

2007[189

Reference

Kim et al 2010

(199

Katoet al
2010[19]

Ding et al
2009[172

Jianget al
2009[167

Materials

PLA

SU-8 2050

Materials

Stainless
steel

SiO,

Stainless
steel

Glass

Structure of

microneedles

Solid/ Outof

plane

Outof-plane

Structure of
Microneedles

Solid/ In-plane

Hollow /Out
of-Plane

Solid/Hollow/
Out-of-Plane

Hollow

368~

Table 5.Cont
Shapes of Array size/
Dimensions Analysis type Testing Fabrication techniques Application
microneedles Needles
L = 400 ym
W, = 90, 120, 150,
Straight/Harpoon 230 pm Not Atrtificial skin of silicone Etching/Injection
Structural Drug delivery
shape/Sharp tip T=115pm reported rubber molding
Tip angle = 16,
20°, 3¢, 40
L; =236 pn Not Biomedicine
V-groove Not reported Not reported Molding/KOH etching
L, =350 pm reported technology
Notations: L = Length of needle, & ThicknessW, = Base width, = Outer diameter, 3= Inner diameter, D= Base diameter
Table 6. Recent eview of SiO,, glass, stainlessteel, and metallic microneedles
Shapes of ) ) Array size/ . ) Fabrication o
. Dimensions Analysis Type Testing ) Applications
microneedles Needles Techniques
L =700 pm 5 Drug
Spear/Sharp tip W, =160 pm . transportatiortatistical Mouse skin Infrared Laser | Vaccinedelivery
microneedles .
T=50pun analysis
L=77pm . .
. ) L i DRIE/Micromach | Cellular function
Circular Tip Do =5.5um Not reported Structural (Panitration) Gelatin . .
ining analysis
D,=35 pm
Dermal
_ Surface . .
. | L=245,300900pm 4x4 Drug ) . . diphtheria/
Tangentially cut tip ) o Mouse skin micromachining/
D, =200 pm 9x9 transportatiortatistical ) Influenza
Etching .
vaccination
Elliptical tip ) HistologicalMicroscopic | Human cadaver,  Micropipette Intrascleral
. L=34cm Not reported ) . . . .
opening imageanalysis eyes pulling technique delivery
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Reference

Jinetal.
2009[187
Houet al
2008[192
Kolli and
Banga2008
[193

Verbaaret al

2008[194

Parkeret al
2007[169

Shibataet al
2007[162

Kim and Lee
2007[195

Tsuchiyaet al
2005[171]

Materials

Ni

T;-alloy

Maltose

Metal

Ti

SiO,

Metallic

Ti

Structure of
Microneedles

Solid/n-plane

Hollow/ Out
of-Plane

Solid/In-plane

Solid/Hollow

Hollow/In-
plane

Hollow/Out-of-
plane

Hollow/Out-of-
plane

Hollow/Out-of-
plane

Shapes of
microneedles
Triangular
/Pyramidal

Not reported

Tetrahedron/Sharp
tip

Triangular tip/
Tapered shaft

Spare/ Sharp tip

Circler
tip/Cylindrical

Tapered tip

Cylindrical

Table 6.Cont

Array

Dimensions .
size/Needles

L= 20011500 mm Not reported

L =120 ym 10x 10
L =500 pm 27 needle per
D;=6um array
L =245, 300
Hm 4x4
D =200, 300 pm
6x6
Beveled angle = 45
9x9
Dy =250 pm
L =500 750,
1000
hm 10 needles
W, =100 pm
Tip taper angle = 60
L=77 um,
Dy=55um Not reported
D,=35 pm
L;=200pm
T=10pm
L,=400 pm 10x 10
T=20pm
Tapering angle §°
L=1mm
D; =25 um Not reported
D, =60 pm

Analysis Type
Drug transportation

Fluidic analysis

Drug transprtation

WatersHPLC
System

Fluidic/

Structuralanalysis

Structuralanalysis

Fluidic analysis

Fluidic analysis

Testing

Mouse skin
and serum

Not reported

Mouse skin/
Jacketed Franz
diffusion cells

Human skin

Pressure Testinc

apparatus

Gelatin

Not reported

Not reported

Fabrication
Techniques
DXRL/
Hot embossing

Not reported

Micro-molding

Surface
micromachining/
Etching

Bulk
micromachining/
Multilayer
lamination

Photolithography/
DRIE

SU-8 based UV
LIGA

Sputter depositior

Notations: L = Length of needle, E Thickness, W= Base width, [@= Outer diameter, 3= Inner diameter, pP= Base dimeter, Q = Tip diameter

368:

Applications

Transdermatirug
delivery
Transdermatirug
delivery

Transdermatirug

delivery

Transdermatirug
delivery

Drug delivery

Cell surgery

Drug
delivery/Body
fluid sampling

Blood extraction
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3.2. Forces Experienakby Microneedleduring Penetration

Fluid is transported through hollow microneediesile solid microneedlesare coated with
pharmaceutical materiate transfer thalrugs into patient bodyicroneedles @& under the influence
of various forces during penetration such as bending, buckéitegal, axial andesistive. To bear all
these forceghe design of microneedlesvsry important.Microneedles can breakudng penetration
into the skinbecause ofhese forcesAn axial forceis more dominanbn thetip of microneedlaluring
insertion. This axial force is compressive asadsto buckling of the microneedle. The microneexle
alsoexperiencaesistive force exerted by skillence in order to pierceghe microneedle into skin, the
applied axial forcemustbe greater than skin resistand@ue to uneven skin siace or human error
during needlgenetrationbending may occurSo, it is very important tostudy therelation between
microneedle geometry amdechanical properties of the material fmcuratemicroneedledesign and
predicton of microneedls failure The buckling force acting on the hollow microneedle during skin
insertion is given by4,133196197).

“00

. * O 13
0 5 (13)

Where%isYoungods modul)us isarfomentaftineria ofdylindrical section and
is length of the microneedle.
Moment of inertigl) for hollow cylindrical sectiorof microneedlas calculated byquation(14).

(O] cp_T O 10 (14)

Where,$ is outer diameter andlis inner diameter of hollow cylindrical section.
The bending force, which the microneedle can withstand without breaking is given by:

0 . (15)

Where A - is the distance from vertical axis to the outer edge of the sé&tibh9g.
The axial force (compressive force), whiehmicroneedle can withstand without breaking is
given by:
"0 ., 0 (16)

Where,A is the yield strength of the material ands crosssectional area of the microneedle tip.

Microneedleexperience 3.18 MParesistive forcesexerted by the skiraganst penetration of
microneedle To penetrate themicroneedles intgkin, the external appliedorce or pressurghouldbe
greater than the resistive skin force. The resistive forceeaffey the skin before puncturimg given
by the following equation:

O 0 ol (17)
Where,0 is the required pressure to pierce the microneedle into skin.
As the microneedle penetrates the skin, the resistive force falls drasti@dy After the skin is

pierced by the microneedle, the only force that acts on the microaéedte fricticmal force due to
contact of tissue with the microneedle.
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3.3. Fabrication of Microneedles

Variousfabricationtechniques have beeleveloped and used for microneedles fabrication such as
hot embossing 156, photolithography 162, micropipette pulling technique 167, surface
micromachining 172, bi-mask techniquel|79, laser micromachiningl1{7/9, micro-molding [181],
deep xray lithography 200, DRIE [176, lithography, electroplatingmolding LIGA) [20]], UV
excimer laser 302, coherentporous Si etching (CPS) 203, injection molding 204] and ICP
etching [34]. In these processessSi and polymer can be used as substrate materials for
microfabrication Each fabrication technique hass own advantges and limitationsA detaiked
discussion n microneedles fabrication techniques will be preséimt a subsequent paper.

Lithography and DRIE techniques are mostly used for fabrication of silicon microneedles.
Deposition and etchingrethe most important phenomenon during the development of micrteseed
Deep holes or free standing structures can be fabricated in silicon wafer with the help of anisotropic
etching process. These high aspect ratio structures are of considerable interest in developing micre
devices for various applications. The genetaps of silicon microneedles fabrication are wafer
cleaning, photoresist coating, soft back, masking, exposure, development, haahbéftloff. These
steps can be repeated according to requirements with desired parafwatpadymeric microneedles
molding, hot embossing, and laser drilliage promising fabrication techniquéhe general steps for
polymeric microneedles fabrication are sheet preparation, mold preparation, heating and pressing
mold, demolding and laser drilling for different lumensservoir.

3.4. Microneedles Testing

The concept of microneedles was introduced three decade ago liustthheicroneedle arrayor
TDD was fabricatedth 1998. After thatvarious researchers have been involvedevelopng the most
suitable fabricatiormethod and optimal design of microneedles B@mmedical applications.After
2005 the interests of researchers changed and #h&yed their attention towards the testing of
microneedles along with design and fabricatidiost oftheresearch groughawe been involved in the
structural analysis and skin penetrationge$tmicroneedlsin 2010.The testingof microneedledas
been reportedon potato skin chicken skin[179, mouse skin[156172,180,18493, cadaver
skin [167182, pig skin [L73177), chickenleg, beef iver [204], andhuman skin 156,174,178.83].
Microneedle patches coated with solid state influenza vaccine have been reported to improve the
effectiveness ofhe vaccinewhentested on mouse sk[d9(. Dry coated microinjection arraysave
been developed to deliver H&/gD, DNA vaccine tosensitiveregions ofmouseskin [205. The
pretreatment of skin by microneedles was combined with the use of higidy solublepegylated
naltrexonefor its transdermal delivery at different conaations [206. A new design of probe
integrated with hollow microneedles fatomicforce microscope (AFM) has been developed to realize
cellular function analysis in a single living cdll76]. The geometry of microneedles affedts
strength. The sheastrength of hollow silicon microneedles can be increased by variation in
microneedles geometfi207]. Using novel microneedle technglp hydrophobic dye called Nileed
has been delivered into porcine ski§. The effect of microneedle geometry hasrbstidied on the
transport of a fluorescent dye into human sli&@d. To envisage the effect of microneedle geometry
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and force of application, optical coherence tomography has been used by penetrating microneedle:
arrays into neonatal porcine skiz0Of. Short densely packed microinjection array has been developed

to see the effect of strain rate on the precision of penetration into humg2 5flinReferencq211]

has investigated that influenza virus like particles coated on microneedlesussstimuatory effect

on langerhans cells in human skifhe super short microneedles have been fabricated Gsiwgt

etching technology and tested fobD into human skiff212. The separable arrowhead microneedles
have been introduced and tested for painleds/aty of drugs and vaccines into human cadaver
skin [213. A minimally invasive system has been developed using microneedle electrode array to
deliver macromolecular drugs to the deep skin tissues and tested on hairless [ai4kisolid

silicon miaoneedles arrays have been used with different lengths and geometry to penetrate epiderma
membrane of human cadaver ski#15]. The microneedles coated with influenza virus like particles
have been used testthe immunogenicity and protective efficadyes vaccination of mice skif21q.
Microneedles rollers have been developed and tested on human and porcine skin to increase skil
permeability and to treat skin for cosmetic purpddé€¥]. Microneedles have been used to deliver
PLGA (poly-lactic-co-glycolic-acid) nanoparticles in the humaskin [174] Solid polymeric
microneedles have been developed to investigate the transepidermal water loss measurements (
dermatomed human sk|i83. The efficacy of transdermal delivery of insulin has been investigat

by using microneedles rollers on diabetic fats7]. The administration of virus like particles influenza
vaccine has been studied using microneedles patch on lungs and bone marrow cells ¢2h&huse
Hollow microneedles array with sonophoretic earithas been used on pig skin to improve the
efficiency of drug delivery173].

4. Discussion

MEMS and NEMSbased microfluidic devicdsave manymportantcharacteristics that make them
attractivefor biomedical applicationdMicrofluidic devices havehe ability to control their physical
and chemical characteristit®m avery small scalaip tothe nanometerange Thesedevices have
made it possible to meet critical medical needs such as nearly constant drug level at the site of action
prevention of peavalley fluctuations, site specific drug delivery, reduced side effects and increased
therapeutic effectivene4d4]. However, there are certain medical conditions for which constant drug
release pattern is not suitable. These conditions dedelagedrelease of drug. Such a release pattern
is known as pulsatile release. Recent research has shown that some diseasesedastaldepcyclic
rhythm andthe timing of drug release can significantly improve the outcome of a desired[2fffct
This conditionrequires release of drug as a pulse after a time delay. Some of the diseases where
pulsatile drug delivery devices are promising include duodenal ulcer, cardiovascular diseases, arthritis,
asthma, diabetes, neurological disorder, cancer, hypertensiohypedcholesterolemid]. Thatis
why study of pulsatile flow is extremely important at small scales in microfluidic devices. Using
MEMS and NEMS technology, complex drug release patterns (such as simultaneous constant anc
pulsatile release) can be achidvesingintegrated microfluidic system#/icrofluidic devices have
ability to control both release time and release r&teropumps and microneedles are essential
components fosuchbiomedicalsystens. Micropumps are used for fluid maport and micronetes
provideinterface between drug reservoir and patient ddy3,6]. Material selection is critical issue
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in biomedical devicesSi has been widely used as material for such microfluidic devioes

polymeric materials like PGA, PDMS, PMMA, PLLA, Rl PC, etc are replacing Si due to
biocompatibility, low cost, ease of fabricatiand excellentstructuralproperties.Various factors are
important during the selection of micropumps for particld@medicine applications.Operating

voltage pressureand flow rate of micropumpare criticalissues to analyzethe performanceand

suitability of micropunps for certain medical applicationsA schematic illustration obperating

voltages and flow rates afiechanical micropumps is shown in Fig@é

Figure 22. Comparisorof voltageversusflow ratefor mechanical micropumps
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Piezoelectric and electromagnetic mechanical micropumps have been reported extensively for
microfluidic systems among the mechanical micropumps. The major limitation related toyjhese t
of micropumps is very high operating voltaf@24]. Electrostatic micropump is easy to fabricate on
integrated microfluidic systems but it also requires high operating voltdagd CPF micropump has
anadequate flow rate arelatively low operatingoltage but with complex geometryhe schematic
illustration of operating voltages and flow ratesiofrmechanical micropumps is shown in Figa&
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Figure 23. Comparisorof voltageversusflow ratefor non-mechanical micropumps
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In nonmechanicaimicropumps, MHD micropump has gained more attention in recent years and
has beempresented by many researchers for microfluidic systélowever, theelectrochemical type
of micropump is more suitable for low voltage and high flow rate applicatMost mcropumgs and
microneedleshavebeenreportedin literatureas an individual device for medical applicatio@sly a
few researcherdiave presened integrated deices [227]. Integration of micropumps and hollow
microneedles is great challengebut reseach on solid microneedles coated with nguaoticles and
drugs has recentlgommencedin the biomedical field. Howeverhollow microneedls are more
attractive for fluid/drug transport. Microneedles can be integrated with micropumps or ased
standalone biomedical device. Various types of microneedles have been presented by different
researchers. In hollow microneedles, the side opened double lumen reservoir based microneedles at
more suitable for fluid transport. The pressure difference in the lum@mnseg useful to avoid the
clogging effect. In solid microneedles, the sharper tip microneedles are prawtcal for drug
transport. Effectiveness of drug transport has also been presented in recent years by various researche
using microneedles on mee,pig, chicken and humai/arious researchers have reported the structure
and fracture analysesg microneedles by applying force and presdargredictthe bending and failure
of microneedlesThe schematic illustration of comparison of force and sti@s microneedlehas
been shown in Figur24.
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Figure 24. Comparisorof forceversusstress on microneedles.
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5. Challengesand Future Aspects

In biomedical field, there are many challenges relating to the microfluidic devices (micropumps,
microneedls) such as design level issue, fabrication level issue, packaging level issues, use in
practical applicationetc At design and fabrication level, the most important issues and specifications
that must be fulfilled by the micropumps for particular appices are appropriate design for
maintaining a specific flow rate, control of back pressure, dosing accuracy, drugs resistive material
selection for fabrication, ease of fabrication, energy utilization, power supply at such small level,
bubble tolerance, wtability and reliability. The most important issues relating to microneedles at
design and fabrication level are avoidance of clogging effect, suitable length, robustness, strength,
sharp tip to avoid pain, drugs resistance, less fabrication cost, ligljdldocompatibility, etc. Suitable
batch fabrication techniques need to be adopted to reduce cost of devices. Packaging of these device
is very important consideratiof229]. Packaging should be robust and strong enough to prevent
infection or dmage bmicrofluidic devicesSimultaneously, the unintentional discharge of drug/fluid
during storage from the reservoir should be prevented. A protecting wrap may be possibly required to
secure such small size devices like micropumps and sharp tip microndéd#tly the micropumps
and microneedles reported in literature have been proposed asaktaeddevices. Integration of
micropump and microneedles is a great challenge that limits the use of these devices comfoerciall
biomedical applicationsThe final cost of these delivery devices should be affordable for the end
users/patients. The trend is now shifting towards the use of polymeric materials like PGA, PDMS,
PMMA, etc for the fabrication of micropumps and microneeldes to overcome most of the above
described issues as these materials are cheap, biocompatible, exhibit excellent mechanical/chemic:
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propertiesetc [4,13,19202]. Zosano Pharmd4Q has developed the user friendly and simple TDD
patch system that can deliver vaccines, proteins, papdideé small molecules.\ has developed the
microneedles based transdermal system demonstrating good results on research level studies fc
peqides, vaccines and protein [@3Birchall et al [231] conducted a survey tearn moreabout the

opinion of en userswith regard tothe convenience, efficacy and worth of microriegéchnology.
Research on MEM®ased delivery devices shows that these devices are suitable for commercial
applications. However, the development of these devices is limited to tedeaet due to some
factors such asinvestment, expertise for device development, marketing, awareness of public,
motivation, lack of collaboration between companies and research institutes, medical staff
training/recommendati@n etc Surveys, seminars,orkshops.etc, need to be organized to promote

the benefits and convenience of using these delivery devices to end users. The availability of reliable
and manufacturable microfluidic devices will have a strong impa¢h@biomedicine field to meet

critical health care needs.

6. Conclusiors

Fluid transport using microfluidic devicesich asmicropums and microneedles srelatively new
and attractive methothat hasmany advantageMicrofluidic devices have receigd much more
attention in recent yeadueto their potential applications ithe biomedicine field Various types of
micropumps and microneedlssucture using different materialike glass, silicon, metals, polymers,
etc, have been reported foromedicalapplicationsbut Si has beemodly used as substrate material
for fabrication of microfluidic devices among other materiésis brittle and always some risk
involves for health care. Biocompatibility is very important for health and because of this reason the
trend is tansferring tavards polymerienaterials. Most polymere.g, PGA, PDMS, PLA and PMMA
are very suitable for biomedical devices due to their good biocompatibility, low cost, ease of
fabricationand excellent chemical andechanical propertieSolid microneedleare eag to fabricate
andhave more strength than hollow microneedié@wever,the disadvantage of solid microneeldes is
the risk of fracture/breaking within the skin after being inserted. Drug particles can be coated in
restricted amoust Hollow microneeldes r@ considered more suitable for TDD syssesine tothe
precise delivery ofthe desired amount of drug & specific site with rapid action. ICPF and
electrostatic micropumps are considered suitable for drug/fluid delivery systems due to low operating
voltage and direct integration with electronic circuit respectively. The disadvantages of hollow
microneeldes and micropumps are complicated/costly fabricatlogging effect, kack pressure,
requirement oflow rateregulation,etc Based on the presenteceliature review, the authors conclude
that MEMS basednicrofluidic devices for biomedical applicatioremain at theesearch leveOnly a
few devices have been converted into commercial products due to some important issues like
complicated structure ofiarofluidic devices, difficulties in integration with other devices, investment,
expertise for device fabrication, marketing, public awareness, lack of collaboration between companies
and research institutes, medical staff training/recommendation andly fpedkaging. To present
microfluidic devices for practical applications in medical field, motivated researchers still need to
continue their work on the development of microfluidic devices.
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